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ABSTRACT 
We investigate and propose a new cooperative spatial multiplexing system, which does not 
require multiple antennas at the transmitter side. The source (transmitter), equipped with 
a single transmit antenna, utilizes other wireless terminals as relays in estimating and for-
warding information to the destination (receiver), thus creating a cooperative communications 
environment. The proposed system exploits the rich-scattering wireless channel structure using 
the appropriate processing architecture to realize very high data rates over the channel. The 
destination decodes the noise and interference-corrupted data at its receiving antennas based 
on SNR (Signal-to-Noise Ratio) and LLR (Log-Likelihood Ratio) based detection ordering 
schemes, along with nulling and cancellation processes. MATLAB simulations show that the 
performance of the system improves, approaching that of a conventional spatial multiplexing 
system, as the relays are located closer to the source, given the total system power is optimally 
allocated between source and relays. 
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CHAPTER 1. INTRODUCTION 
The continuous development of the ultimate standard for global communications system 
was started the day Shannon published his infamous work, "A Mathematical Theory of Com-
munication" (1948), and it is still far from over. The more human exploits and understands 
the nature, the more advance the technology evolves with a very rapid rate. The trend for 
the last two decades in communication system has been the re-utilization of limitedly available 
communication resources which is better known as the multiple access techniques. Some of 
the more popular multiple access techniques employed in the current communication systems 
include FDMA, TDMA, and CDMA. 
1.1 Problem Statement 
Recently, a lot of research has been done on various spatial multiplexing schemes to exploit 
multipath fading, realizing high data rates over the rich-scattering wireless channel. According 
to [4], if exploited properly using the appropriate processing technique, theoretically, a rich-
multipath scattering is capable of approaching 90% of Shannon capacity. Along with all of 
the innovations, there are always issues arising during the actual realizations of the theories. 
In the case of spatial multiplexing it is more of a physical limitation issue because it requires 
M transmit antennas and N receive antennas, with N 2'. M. In real world implementation, 
especially in mobile wireless communications, utilizing more than one antenna in a mobile unit 
is not practical for several reasons such as ergonomics and antenna separation issues. 
To overcome these issues, we propose a new system which allows the use of spatial multi-
plexing in a mobile wireless system by exploring the cooperative communications concept [1]. 
The word "cooperative" carries the meaning of user-cooperation, in which each user utilizes 
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other wireless terminals as relays to forward information from the transmitting source to the 
receiving destination. Practically, other users in is scattered all around the area and the issue 
of which terminals should be selected as relays is an important one. As we will see later in 
the following chapters, due to the path loss effect, the locations of the relays affect the overall 
performance of the proposed system quite significantly. 
Since power is not a cheap resource, it has to be limited and distributed efficiently among the 
source and relays. One of the goals of this work, other than to prove that spatial multiplexing 
cooperative diversity is realizable, is to find the optimum power allocation which minimizes 
the overall bit-error-rate (BER) performance of the systems with the relays located at different 
distances from the source. For this purpose, we simulated the proposed system with relays 
located at various locations under different power allocation schemes. 
1.2 Motivation 
Both Laneman's and Alamouti's schemes in [1] and [7], together with the ever-advancing 
Digital Signal Processing (DSP) processing power really opened up a whole new perspective in 
exploring different methods to achieve diversity gain; we could see the trend from the number of 
recently published papers on the topic. Something that was thought impossible to be realized 
in the last decade, could be made possible with the help of the latest VLSI technology. 
In the daily life, information has become an inseparable entity from human activities as 
can be seen from the increasing demand of high-speed internet, and it has changed the pace 
and lifestyle of human being. For the people on the move, this flow of information can not stop 
because they may miss a crucial moment if their job is related to real-time market update, 
for example. As for the trendy and fashion people, video conference and video-on-demand in 
their cellular phones will be a must in the near future, because the use of latest technology 
and trends could increase their social status among their friends. All of those conditions and 
features require the availability of very high bandwidth and data rate in the wireless system 
itself. 
Unfortunately, bandwidth is very expensive and the harsh environment of urban landscape, 
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which induces all sorts of noise and interference, makes it very difficult to maintain and achieve 
the high data rate for future systems. Due to this reason, inventors are doing extensive research 
in maximizing the capacity and squeezing every extra bits/second they can gain from the 
available resources. 
At the time of writing, what really separates this work with the others is that we do not 
establish direct transmission between the source and destination for redundancy purpose at 
all. All the data from the source reaches the destination purely through cooperation with other 
neighboring wireless terminals, thus the results obtained will be something unique from what 
we have seen so far in published previous works. 
1.3 Thesis Organization 
Before we jump to the introduction of the proposed scheme, in Chapter 2, we will review 
several important theories, techniques, and previous works which lead to the development of 
the new scheme. Then in Chapter 3, we propose the new cooperative spatial multiplexing 
scheme, including the system model and underlying assumptions. 
The performance of the proposed scheme is evaluated in MATLAB using different param-
eters such as different modulating schemes, detection ordering techniques, power constraints, 
number of transmit and receive antennas, etc, and the results will be given in Chapter 4 of 
this thesis. 
In Chapter 5, we will summarize our work and give several general observations based on 
the MATLAB simulation results. A conclusion whether the original objectives of this work 
have been met will be stated then. Also, some future work for further system improvements 
and development will be proposed and discussed. 
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CHAPTER2. BACKGROUND 
2.1 Multiplexing and Multiple Access 
The sharing of a fixed communications resource is often referred to as "multiplexing" and 
"multiple access", and both terms carry a subtle difference. According to [6], in multiplexing, 
the user's requirements or plans for communications resource sharing are fixed, or slowly 
changing at the most. While in multiple access, normally a resource, e.g. satellite, is remotely 
shared. 
Increasing the total data rate of a communications resource can be done in three basic 
methods: 
• Increasing the transmitter's effective isotropic radiated power (EIRP) or reducing system 
losses (Eb/ No is increased) 
• Increasing the available bandwidth 
• Allocating the communications resource more efficiently 
Due to the high cost of approach 1 and 2, people are opting to go with method 3, which is 
the domain of communications multiple access. The basic goal of multiple access techniques 
is to distribute effectively the available resource between multiple users, sharing a common 
frequency spectrum, at a variety of bit rates and duty cycles. The commonly used multiple 
access techniques are: 
• Frequency Division Multiple Access (FDMA) - Multiple users of the system are assigned 
narrow slices of the frequency spectrum. The total number of users equals the total 
number of frequency bands. The first generation analog system AMPS (Advanced Mobile 
Phone System) employs the FDMA technique. 
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• Time Division Multiple Access (TDMA) - Multiple users operate in M different time 
slices on N frequency bands, resulting in MxN total number of users in the system. The 
second generation interim standard (IS-54) employs TDMA into its system. 
• Code Division Multiple Access (CDMA) - Each user is assigned a unique orthogonal 
code that separates the different users. The same frequency band is simultaneously used 
by the multiple users, which leads to high spectral efficiency. CDMA was employed in 
Qualcomm's IS-95, which was adopted as the digital cellular standard for the second 
generation system. 
• Space Division Multiple Access (SDMA) - Radio signals are separated by spot beam 
antennas pointing in different directions. It allows for reuse of the same frequency band. 
• Polarization Division Multiple Access (PDMA) - Orthogonal polarizations are used to 
separate signals, allowing for reuse of the same frequency band. [8] 
2.2 Spatial Multiplexing 
A standard method for achieving spatial diversity to combat fading without expanding the 
bandwidth of the transmitted signal is to use multiple antennas at the receiver and/or at the 
transmitter side. 
These multiple antennas techniques can also be used to create multiple spatial channels 
and provide increase in data rate as a result. Generally speaking, with M transmit antennas 
and N receive antennas, with N 2: M, an M-fold increase in the data rate could be achieved, 
while simultaneously providing Nth-order reception diversity to combat fading for each of the 
M transmitted signals. Interchannel Interference (ICI) among the spatial channels will exist, 
since there is no orthogonal structure imposed on the signals at the M transmitting antennas 
[5]. 
Several types of spatial multiplexing systems take advantage of the sufficiently rich-multipath 
scattering wireless channel in order to realize high data rates over the channel by exploiting 
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it using the appropriate processing. Examples of such system are the V-BLAST and our own 
proposed cooperative spatial multiplexing scheme. 
2.2.1 V-BLAST 
Vertical Bell Laboratories Layered Space-Time, or more commonly known as V-BLAST, is 
an example of a system for realizing very high data rates over rich-scattering wireless channel. 
The V-BLAST system, pictured in Figure 2.1, performs spatial multiplexing by sending many 
independent signals through multiple independent transmit antennas. 
tnput Detected 
----- Encoder Decoder r----1~ 
oma oma 
Stream Stream 
MTransmit Antennas NReceive Antennas 
Figure 2.1 V-BLAST system diagram 
More specifically, a single user's data stream is split into M multiple sub-streams, which 
will be encoded into independent symbols and then routed to its respective transmitter for 
simultaneous transmission in the same frequency band. The N receivers are individual, con-
ventional receivers, which operate co-channel, each receiving the signals radiated from the M 
transmit antennas ( M ~ N). 
Combination of ordering, nulling and cancelling used in V-BLAST is a widely-used recursive 
decoding method in spatial multiplexing systems. The order in which the received sub-streams 
are detected and cancelled affects the overall performance of the system. Detection ordering 
for V-BLAST based on maximum signal-to-noise ratio (SNR) was introduced in [4], where the 
sub-stream with the maximum SNR is detected and its contribution from the received signal is 
cancelled. Following the symbol cancellation the corresponding channel matrix will be zeroed, 
and the same process is repeated for the remaining undetected symbols. 
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Another new effective ordering method called LLR-based Ordering, which gives significantly 
better BER performance compared to SNR method, is proposed in [11] where the sub-stream 
is detected and cancelled based on its maximum log-likelihood ratio (LLR). It was shown that 
by implementing LLR ordering, a 4x4 V-BLAST with LLR ordering will perform as good as 
an 8x8 SNR-ordering system. So generally speaking, the LLR-based ordering implementation 
reduces the system's complexity significantly, resulting in extra communications resource that 
may be allocated for other necessities. 
2.2.1.1 V-BLAST Mathematical Model 
Let the received signal at the receiving antenna be: 
y Hx+n (2.1) 
where x = [x1, x2, ... , XM]T is the transmitted signal, y = [yi, Y2, ... , YN]T is the received signal, 
and n = [n1 , n 2 , ... , nNf is the i.i.d. complex Gaussian noise vector with zero mean and 
variance N0/2 per-dimension. The channel matrix H is an i.i.d. zero-mean and unit-variance 
elements, complex Gaussian MxN matrix given by: 
Linear Combinatorial Nulling 
H =[hi, h2, ... , hM] 
hu h12 · · · h1M 
h21 h22 · · · h2M 
(2.2) 
(2.3) 
Also known as adaptive antenna array (AAA), nulling is a technique in which each sub-
stream is considered as the desired signal while the remainder are regarded as interferers. The 
nulling matrix is defined as: 
W = (HHH)-l HH 
= [w1, W2, ... , WM]T 
(2.4) 
(2.5) 
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where Wi is a lxN nulling vector. 
Let the pre-detection received symbol be y(o) = y, and pre-detection channel matrix be 
H(o) = H, then the nulling will take place as: 
= 
So, for the ith transmit antenna: 
Yi = 
WH{O)x+Wn 
'---v-"' 
=l 
(2.6) 
(2.7) 
As the result of the nulling, we obtained a symbol plus noise scalar quantity Yi, where Win 
is a zero-mean and variance llwill2 No/2 per-dimension complex Gaussian random variable. In 
BPSK signaling, for a signal plus Gaussian noise model, the optimum detection will be the 
maximum-likelihood detection with threshold 0. Then we will get Xi by hard decoding Yi with 
Q(yi) =+\!Es if y ~ 0 and Q(yi) =-\!Es if y < 0. 
Symbol Cancellation 
By assuming that Xi = Xi, Xi is cancelled from received y(o), then modified received vector 
y{l) and modified channel matrix H{l) are generated: 
And, 
(2.8) 
(2.9) 
(2.10) 
H( 1) contains the zth transmit antenna elements that has been zeroed (cancelled). When symbol 
cancellation is employed, the order in which the components of x are detected also determines 
the overall performance of the system. 
SNR-based ordering 
From [10], the signal-to-noise ratio (SNR) of Xi is given by: 
SN~ 
lxil2 (2.11) 
= (2.12) 
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In SNR-based ordering, the component of x which minimizes the norm llwi 11 2 is detected and 
cancelled first; minimizing llwill2 is equivalent to maximizing the SNR quotient in Eq. 2.12. 
LLR-based ordering 
The work in [11] proposed an LLR-based ordering for V-BLAST system and showed that 
the technique was indeed superior to ordering based on SNR. Assuming Xi is equally probable, 
the LLR is defined as: 
P (xi= +vEslYi) 
Zn~~~~~~~~ 
P (xi= -vEslYi) 
(2.13) 
4vEs Re{yi} 
No llwill 2 
(2.14) 
The sign of Ai gives the hard decision value, while the magnitude of Ai describes the reliability 
of the hard decision. According to [11], the ordering scheme is to detect first the component 
of x that provides the largest IAil given by 
4vEs lxi + Re{will}I 
Nollwill 2 
(2.15) 
Exploiting the noise term Will by selecting the component of x with the signs of Xi and Will 
being identical, gives a larger LLR magnitude or equivalently, higher reliability. The result of 
this algorithm is that the performance will be governed by the peak channel condition. 
Proven the effectiveness in AWGN model and relatively low in implementation complexity, 
the nulling, cancelling, and SNR & LLR-based ordering will be the decoding method of choice 
in our proposed cooperative spatial multiplexing scheme signal detection process. 
2.3 Fading in Mobile Radio Propagation 
This thesis work takes into account the signal performance degradation factors, such as 
fading and noise, in the system model. When the effects of fading is manifested, the model-
ing and design of the system becomes much more complex than those whose only source of 
performance degradation is AWGN. 
[6] clearly explains that in mobile communications system, fading is divided into two cat-
egories: large-scale and small-scale fading. Large-scale fading represents the average signal 
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power attenuation or path loss due to motion over large areas, and is usually affected by the 
environment contours (hills, forests, buildings,etc) between the transmitter and receiver. 
Small-scale fading is a phenomenon where there is a significant changes in signal amplitude 
and phase as a result of small changes in the spatial separation between the transmitter and 
receiver. It is realized in two different occurrence: time-spreading of the signal (signal <lisper-
sion) and time-variance of the channel. Since the received signal's envelope can be described 
by a Rayleigh pdf, if there is a large number of multiple reflective paths and no line-of-sight 
signal component present, small-scale fading is also known as Rayleigh fading. 
In a mobile radio application, The free space path loss is defined as: 
(2.16) 
where >. is the wavelength of the propagating signal. Free space means that the region between 
the transmitter and receiver is free of radio frequency (RF) absorbing or reflecting objects. 
The mean path loss of large-scale fading, Lp(d), is a function of distance d between the 
transmitter and receiver, and is defined by: 
Lp(d)(dB) = L 8 (do) + lOnlog(d/do) (2.17) 
where do is a point located in the far field of the antenna, and L 8 (do) is the free space path loss 
at the reference distance obtained through actual measurements or approximated by Eq. 2.16. 
Typical values for do is 1 m for indoor channels, 100 m for microcells, and lkm for large 
cells. Most textbooks on electromagnetics, e.g. [9], explain the default calculate do based on 
the antenna properties, should a more accurate value for do is required. Another issue to be 
considered from Eq. 2.16, we see that the free space path loss depends on the wavelength of 
the carrier frequency, >., thus it is frequency-dependent. So, the higher the carrier frequency, 
the higher the path loss will be. 
Analyzing 2.17 further and defining Lp(d) as the ratio of power transmitted to power 
received, we derive: 
(:0)-m (2.18) 
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with Er/No and Et/No being the received SNR and transmitted SNR, respectively. The value 
of exponent m will depend on the frequency, antenna heights, and propagation environment. 
The range for m is typically between 2 :S m :S 4, with 2 being the value of m in free space and 
4 in a harsh environment [1],[6]. The harsher the environment condition gets, the bigger the 
m value needs to be employed for a more accurate representation of the path loss model. 
12 
CHAPTER 3. COOPERATIVE SPATIAL MULTIPLEXING SCHEME 
In a conventional single-input single-output (SISO) wireless transmission system, informa-
tion is being sent directly from a source to the destination, and is affected by path loss and 
fading in the channel between. The model of a direct transmission system for each time slot k 
is given by: 
y (3.1) 
where y is the received signal at the destination, hs,d is the channel gain between the source 
and destination, x is the transmitted signal, and n is the noise induced at the receiver. 
This method of transmission suffers greatly from large and small-scale fading causing the 
decrease detection reliability as the source-destination distance becomes farther apart. The 
farther the signal has to propagate, the more energy needs to be allocated in every symbol 
transmitted in order to overcome the channel degradation. Thus, it is only good for short 
distance wireless communications, especially when power availability is very limited. 
A step-up from the direct transmission system would be the conventional spatial multi-
plexing system, e.g. V-BLAST. In V-BLAST, the rich-multipath scattering wireless channel 
is exploited by sending independent data sub-streams over the multipath. Unfortunately, this 
technique requires both the source and the destination to employ multiple transmit and receive 
antennas at their terminals, respectively. So for future mobile communications applications, 
the multiple antennas requirement at the source becomes a physical limitation to the appli-
cability of the system. In this chapter, we address this issue in our proposed scheme by only 
employing one transmit antenna at the source (mobile unit), while still being able to perform 
spatial multiplexing. 
In our proposed cooperative spatial multiplexing scheme, we introduce a group of relays, 
13 
formed by a collection of distributed antennas of other wireless terminals' located between the 
source and destination, as a mean to estimate/decode the signal received from the source and 
forward the estimated data to the destination with relay transmit power Pr, as depicted in 
Figure. 3.1 and Figure. 3.2. Unlike conventional spatial multiplexing system which requires 
multiple transmit antennas at the transmitter side, our scheme has a big advantage by only 
requiring one transmit antenna to perform the spatial multiplexing. 
The relays cooperate with the source in the data transmission process and become virtual 
antennas of the source to accommodate the data spatial multiplexing. The existence of these 
relays resulted in two wireless links between the source and destination, namely the Source-
Relay and Relay-Destination links. We call this scheme Decode-and-Transmit to reflect the 
actual purpose of the relays in the data transmission. Another advantage of this scheme is 
that the signal does not have to propagate as far as it has to in a direct transmission system, 
thus minimizing the path loss fading effect. 
Input ,---, 'f 
~Data 
Stream 
Source 
Single Transmit Antenna 
Wireless 
Channel 
MRelays 
MVirtual Antennas 
Wireless 
Channel 
Detected 
Decoder 
Data 
~-~Stream 
Destination 
NReceive Antennas 
Figure 3.1 Cooperative spatial multiplexing system 
Rx 
Detection 
Tx 
Figure 3.2 Cooperative spatial multiplexing system: relay diagram 
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Since the proposed scheme does not require multiple antennas at the source, in a practical 
application, it could be implemented as the uplink of a mobile communications system, where 
data is being transmitted from a mobile user 1 to the base station. Unlike the current conven-
tional cellular system, our scheme allows mobile user 1 to broadcast its data stream to other 
mobile users within the same broadcast cell. Some chosen neighboring mobiles will serve as 
the relays to decode the received data symbol from user 1 and transmit its estimation to the 
base station with the power allocated at each relay Pr. 
3.1 System Model and Assumptions: Source-Relay Link 
This particular link is connecting the single antenna source to the relays through a wireless 
binary symmetric channel (BSC) suffering the effects of path loss and fading. At each time 
slot k, the source is transmitting x1x2 ... XAf ... at a rate of Rs bits/sec to the M selected relays. 
Each potential relay receives 
(3.2) 
where YR; is the received signal at relay Ri (1 ::; i ::; M), hR;,S is the channel gain between 
the source and the relay ~' Xi is the transmitted signal of source's taking values +v'°Es or 
-y'"Es with equal probability, and nRo representing the noise and interference at relay ~' is 
a complex Gaussian random variable with mean zero and variance N0/2 per-dimension. The 
main purpose of existence of each relay Ri is to make a hard data decision based on YR;, yielding 
XR; to be transmitted in the second phase of the cooperative spatial multiplexing scheme. 
We assume that lhR;,sl2 = G (dd,;; )-m, where ds,R; is the distance between source and 
relay~' do is the reference distance, free space path loss G (Eq. 2.16) at do captures the effects 
of antenna gain and carrier wavelength, and m is the path loss exponent with typical values of 
2::;m:s;4 [6]. Statistically, we model hR;,s as independent, zero-mean complex Gaussian random 
variables with variances G (dd:; )-m, so that lhR;,sl are Rayleigh distributed and the phases 
!..hR;,S are uniformly distributed on [O, 27r). 
Furthermore, the whole system is assumed to operate in real time, which means that the 
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effect of time delay is neglected. All channels and links in the system are as well assumed to 
be independent of one another. 
3.2 System Model and Assumptions: Relay-Destination Link 
For the second phase of the transmission, M relays are selected from L available relays for 
the data forwarding. Each relay Ri estimates and transmits, with a data rate of Rs/ M bits/sec 
and power Pr, the (kM + i)th symbols received from the source in each time slot k 2:: 0. 
The destination with N independent receive antennas (N 2:: M) will then receive 
M 
YDj = L hnj,RiXRi + znj 
i=l 
1 :S i :S M, 1 :S j :S N (3.3) 
where YDj is the received signal at destination Dj, hnj,R; is the channel gain between the 
relay and the destination Dj, XR; is the relay-estimated signals transmitted at +VE; or -VE; 
with equal probability. Finally, znj, representing the noise and interference at destination Dj, 
is a mutually independent complex Gaussian random variable with mean zero and variance 
No/2 per-dimension. In this relay-destination link, hnj,Ri is modelled as independent zero-
mean complex Gaussian random variables with variances G ( dRd~Dj )-m with G being the free 
space path loss at do, such that lhnj,R; I are Rayleigh distributed and the phases Lhnj,R; are 
uniformly distributed on [O, 27r ). 
Similar to the V-BLAST system, the received signal at the destination is sorted based on 
SNR and LLR-based ordering, followed by the nulling and cancellation process. In the case of 
the LLR-based ordering, since we want to base the signal detection on the original signal x R;, 
instead of the relay-estimated ii, we set up the LLR for the nulling's zero forcing output Zi 
to take into account the reliability factor of relay Ri which is defined by the first quotient in 
Eq. 3.4. Then the LLR of Zi for the original transmitted signal Xi will be given by 
where 
elA(YR;)I - 1 4JE; Re{zi} 
elA(YR;)I + 1 No llwill2 
(3.4) 
(3.5) 
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is the LLR of relay ~. 
We assume that the total transmit power of the system, P8 + M Pr, is held at a fixed value 
P such that 
P= Ps+MPr (3.6) 
where P is the total power of the system, P8 is the source transmit power, Pr is the transmit 
power of each relay, and M is the number of relays. When more power is allocated on the 
source, the reliability of the relay estimation increases. But on the other hand, less power is 
being allocated on the relays, decreasing the detection reliability at the destination. Based on 
this reason, it is important to find an optimal pair of P8 and Pr such that the detections at 
the relays and destination are reliable enough to keep the overall system BER at minimum. 
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CHAPTER 4. SIMULATIONS AND RESULTS 
In this section we present the performance of the proposed scheme which is evaluated using 
MATLAB 6.1R12.1. 
The parameters used in the simulation are of practical values as to give some realistic results 
for future work references. The system is a 4x4 system, meaning it selects four relays for the 
data decoding and forwarding, and there exists four receiving antennas at the destination. 
Because the number of transmit antenna equals of receive antenna, the diversity gain of the 
system should be 1. A 2.4 GHz carrier frequency is chosen because it is a practical ISM band 
for wireless communications use. For the early work testing purpose, the source-destination 
distance is chosen to be an indoor transmission of 20 m with no line-of-sight components. The 
reference distance do, which is also a point in the far-field of the antenna, is set at 1 m for 
indoor channels [6]. 
The relays are assumed to be at equal distances from the source and these are the relays in 
the neighborhood of the source that satisfy ds R and dR D to be less than ds D , the distance 
' i i' J ' J 
between source and destination Dj (1 :S: j :S: N): 
ds D· = ds o. + dR D· ' J ,.ll.i, i' J ( 4.1) 
with ds R and dR D being the source-relay and relay-destination distances, respectively. 
' i i, J 
The modulation scheme is chosen to be coherent binary phase shift keying (BPSK) and 
non-coherent differential phase shift keying (DPSK) with transmit powers P8 and Pr at the 
source and relays, respectively. The program generates random stream of data to simulate the 
user's transmitted bit stream with total source data rate Rs of 16 Mbps and relay data rates 
of 4 Mbps. 
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Two systems are used for performance comparison, with one of them being the spatial 
multiplexing V-BLAST system. The other system is the single input single output (SISO) or 
direct transmission system, where the data symbols are transmitted directly from source to 
destination. The total transmit power is held at a fixed value P for all schemes. 
In the bit error rate (BER) performance plots, the x-axis represents the total transmit en-
ergy per-bit per-noise spectral density, given by (Es+Er)/No. The y-axis is the minimum BER 
based on the optimal power allocation between the source and relays, obtained by exhaustive 
search method. The optimal power allocation plot shows the amount of transmit power P8 and 
Pr allocated between the source and relays, normalized by the total system transmit power P, 
for different relay locations. 
4.1 4x4, Coherent BPSK Signaling, SNR and LLR-based Ordering 
In this section, random BPSK data is generated for the simulation data set to accommodate 
a 4x4 proposed scheme system. The performance of the system at practical source-relay relative 
distances of 2, 10, and 18 m, normalized by the source-destination distance of 20 m, are chosen 
to give representations of system response on different relay locations. The resulting path loss 
factors (Eq. 2.17) for the different distances are given in Table 4.1. Since it is a coherent model, 
the channel information (phase and magnitude) are known both at the relays and the final 
destination. 
Table 4.1 Mean path loss factor used in MATLAB simulation 
Distance ( m) Normalized Distance Lp(d)(dB) 
0.2 0.01 -26.0666 
2 0.1 -46.0666 
10 0.5 -60.0459 
18 0.9 -65.1515 
20 1.0 -66.0666 
Performance-wise, the proposed scheme approaches that of a V-BLAST when the source-
relay distance becomes smaller. When ds,R; is 0 m, the relays are exactly located at the 
source, then we can assume that there are no path loss between the source and relays. In this 
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condition, we consider only the relay-destination link with dR;,Dj = 20 m, which is structurally 
similar to V-BLAST with ds,D = 20 m. Since the two schemes use the same decoding process, 
their performances will be very similar. This assumption was verified by plotting the BER 
performance when the relay is at 20 cm from the source, as can be seen in Figure 4.1. 
In the optimum power allocation plots, all powers are normalized with the total system 
power P, thus the sum of normalized transmit power at the source and four relays has to 
add up to 1, preseving the power constraint (See Eq.3.12). We can see a trend here that as 
the relays are located farther from the source, more transmit power has to be allocated to the 
source to ensure that the signal is still strong enough when it reaches the relays, and acceptable 
overall system performance can be maintained. 
The BER performance of the new scheme employing the LLR-based ordering is depicted 
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Figure 4.2 Optimal power allocation for P /No = 80dB*Rs, BPSK, SNR 
ordering 
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in Figure 4.3, where it is shown that the LLR-based ordering does offer an advantage over 
SNR-ordering to the overall performance of the system as it provides a lower BER for the 
same relay locations. An interesting result is presented in Figure 4.4, where now even at relay 
distance still far away from the destination, the system tends to allocate more power to the 
source while still following the power allocation trend as in SNR-based ordering. This is due 
to the fact that LLR-based ordering increases the destination's decoding reliability, resulting 
in the shift of power allocation scheme in which the relay transmit power can be reduced and 
re-allocated to the source without sacrificing the overall system performance. 
Figure 4.5 - Figure 4.7 show a clear side-by-side performance gain of the LLR over the 
SNR-based ordering. Shown in Table 4.4, as the relay is getting closer to the destination, 
the performance gap between the LLR and the SNR-based ordering becomes smaller. When 
a: 
UJ 
cc 
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the source-relay distance increases, the relay estimation will be less and less reliable since the 
received signal is attenuated by the increasing path loss fading between the source and the 
relays. In this sense, the order of the signal detection will not be of an importance any longer. 
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Table 4.2 Performance gain of BPSK signaling, SNR ordering system 
ds,Ri(m) BER Over Direct Transmission (dB) Over V-BLAST (dB) 
0.2 0.01 8 -0.5 
2 0.01 7.4 -1 
10 0.01 4.5 -3.9 
18 0.01 1.5 -7 
Table 4.3 Performance gain of BPSK signaling, LLR ordering system 
ds,Ri (m) BER Over Direct Transmission (dB) Over V-BLAST (dB) 
2 0.01 10 -1.9 
10 0.01 6 -6.2 
18 0.01 2 -10.2 
Table 4.4 Performance comparison of BPSK signaling LLR ordering over 
SNR ordering system 
ds,Ri (m) BER Gain(dB) 
2 0.002 3 
10 0.005 0.9 
18 0.01 0.04 
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4.2 4x4, Non-coherent DPSK Signaling, SNR-based Ordering 
In this section, all simulation parameters are hold similar to the previous section. The only 
difference is in the modulation scheme, which is now binary Differential Phase Shift Keying 
(DPSK). The advantage of DPSK signaling is that it does not require the estimation of the 
carrier phase, categorizing it as a non-coherent modulation technique. Moreover, according to 
the results in [5], [8], and Table 4.6, the SNR performance of binary DPSK is only less than 3 
dB worse than of BPSK's, hence making it worth to be considered as a modulation option. We 
do not simulate the DPSK signaling with LLR-based ordering because the LLR is assuming a 
coherent detection at the relays for calculating LLR(YR;) given in Eq. 3.5, while DPSK itself 
is a non-coherently detected. 
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The optimal power allocation for DPSK signaling with SNR ordering shown is Fig. 4.9 is 
following the general trend of power allocation, that as the relays are located farther from the 
source, more power is allocated on the source to maintain high relay reliability. Based on Table 
4.5, we do not recommend locating the relay far from the source as the performance degrades 
significantly, even over the direct transmission system by about -3dB. 
Table 4.5 Performance gain of DPSK signaling, SNR ordering system 
ds,Ri (m) BER Over Direct Transmission (dB) Over V-BLAST (dB) 
0.2 0.01 7.5 -0.9 
2 0.01 6.9 -1.5 
10 0.01 1.8 -6.5 
18 0.02 -3 -9.5 
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CHAPTER 5. SUMMARY AND CONCLUSIONS 
5.1 Summary 
We presented a new promising cooperative spatial multiplexing scheme which breaks the 
physical limitation of a conventional spatial multiplexing by employing one transmit antenna at 
the source. The system employs cooperation between the source and multiple relays during the 
data transmission, creating a cooperative communications environment. These relays receive 
the transmitted signal from the source and perform estimations of the original symbols before 
transmitting them, with transmit power Pr, to the final destination where the signals will be 
decoded using nulling, cancelling, and detection ordering techniques. 
The system takes into account the imperfections from large-scale and small-scale fading 
factor, as well as the zero-mean variance No/2 per-dimension noises introduced at the relays 
and destination. The coherent channels are modelled as Gaussian with zero mean and variance 
of the path loss factor. The effect of the wrong data estimation at the relays is propagated to 
the destination and carried through the whole final decoding process. 
A couple of scenarios where the relays are located at different distances from the source, with 
several power allocation schemes that minimize the overall BER performance, were investigated 
and simulated in MATLAB using BPSK and DPSK modulation schemes. The benchmark for 
the new scheme performance was chosen to be V-BLAST and direct transmission systems. 
5.2 Conclusions 
The cooperative spatial multiplexing system sets a new ground in wireless communications 
technique. Previous to this thesis work, spatial multiplexing in mobile systems was not feasible 
due to the physical limitations of a mobile unit itself. Just imagine a cellular phone with three 
33 
antennas attached to it. Very inconvenient. The fundamental advantage of this cooperative 
scheme over the conventional spatial multiplexing scheme is that it allows the realization of 
spatial multiplexing with only a single antenna at the transmitter side. The proposed scheme 
can be realized by utilizing other wireless terminals as relays, forming a virtual antenna array 
to create a cooperative spatial multiplexing network. 
Even with the existence of two wireless links in the system (source-relay and relay-destination), 
the performance of the proposed system approaches that of V-BLAST's when the relays are 
located close to the source, and is superior to direct transmission system. 
The MATLAB results presented improving BER performances as the source-relay distance 
becomes smaller. Based on these results, we conclude that it is better to locate the relays, 
while still being practical, as close as possible to the source in order to increase the reliability 
of relay estimation, resulting in the minimization of overall system BER. 
The optimal power allocation for the proposed system depends on the relay locations, 
modulation scheme, and decoding method used. There does not exist one generic "perfect" 
pair of P8 and Pr that can be used to minimize the system BER performance in all conditions. 
The optimal power allocation plots can probably be used as implementation starting points, 
but the general power allocation scheme, is to allocate more power to the source and less power 
to the relays as the source-relays distances increases, and vice versa. 
5.3 Recommendations for Future Work 
Before this new scheme could be fully implemented in real world communications system, 
a lot of tests and improvements must be performed. One very important improvement to the 
existing scheme is to model it better and as close as possible to the real world conditions. This 
will include a more complex system model involving each relay located at different distances 
from the source and a better path loss model. Other signaling schemes, such as QAM and 
QPSK, may also be considered, as well as implementation of source and channel coding to 
optimize the performance further. An interesting scheme to be tested is to have "talking 
relays", in which the relays can communicate with each other to exchange their estimation 
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reliability states and decide by themselves on which ones should serve as relays in the data 
transmission. 
All in all, the system must be prepared so that it will be ready for the upcoming Ubiquitous 
Computing wave, where real time information can be obtained anytime, anywhere from the 
globally-connected devices surrounding us. 
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